INTRODUCTION 71
The ability to sense and respond to danger is a fundamental aspect for living beings across kingdoms 72 (Matzinger, 1994; Matzinger, 2002) . In plants, the primary cell wall plays a central role in protecting 73 against attacks by pathogens and herbivores. The matrix of cellulose and hemi-cellulose fibrils and 74 pectin forms a physical barrier and requires invaders to secrete digestive enzymes or to use mechanical 75 force for breaching it (Albersheim et al., 1969) . Apart from that, the cell wall plays a prominent role in 76 sensing and signaling of biotic stress. A wide range of receptors and sensors on the plasma membrane 77 can recognize infections in the apoplast and trigger a cascade of immune responses in the symplast 78 (Delaunois et al., 2014; Wolf, 2017) . Elicitors that bind to cell wall-associated receptors are not only 79 pathogen-or herbivore-associated molecular patterns (PAMPs, HAMPs), such as chitin (Zipfel et al., 80 2004; Wu and Baldwin, 2010) , but also 'self-damage' particles from the plant, called damage-81 associated molecular patterns (DAMPs) (Ferrari et al., 2013; Heil and Land, 2014) . DAMPs can be 82 induced by pathogens and herbivores via mechanical damage or the secretion of lytic enzymes 83 (Vorhölter et al., 2012) , but they can also be suppressed via the secretion of effectors (Huang et al., 84 2019) . 85
DAMPs can consist of a variety of molecules, for example extracellular DNA fragments, misfolded 86 5 (Souza et al., 2014) , we selected this deacetylation enzyme to investigate its potential role in plant 136 resistance to aphids. 137
Plant resistance can be distinguished in two main categories: Constitutive resistance, where plants 138 possess by default one or more traits that improve plant fitness by impairing pathogen or herbivore 139 performance, and induced resistance, where plants mount a response against their attackers only after 140 damage, infection or infestation has occurred (Schoonhoven et al., 2005) . Aphids are phloem-feeding 141 insects that have intense contact with the cell wall. They generally do not damage cells, but manoeuver 142 their telescoping piercing-sucking stylet mouth through the cell wall matrix (Fig. 2) . They briefly 143 puncture cells along their path and ingest small amounts of cell content. Eventually they aim to find a 144 sieve tube where they can feed from the phloem sap (Tjallingii and Hogen Esch, 1993) . 145
Cell wall penetration may take several hours and is accompanied by the secretion of gelling saliva. 146 This is considered to be another class of saliva than the 'watery' saliva, which is secreted in the sieve 147 tube before and during sap ingestion (Mutti et al., 2008; Rodriguez and Bos, 2012; van Bel and Will, 148 2016) . Aphid saliva contains effectors, such as calcium-binding proteins, that are considered to 149 counter-act defense responses in the phloem, and, depending on the aphid species, pectin-modifying 150 enzymes, such as polygalacturonases and pectinesterases (Dreyer and Campbell, 1987; Ma et al., 151 1990; Miles, 1999; Cherqui and Tjallingii, 2000; van Bel and Will, 2016; Kloth et al., 2017) . A recent 152 7 flexibility of the cell wall, but also due to unknown factors in the phloem (Silva-Sanzana et al., 2019) . 154
The latter illustrates that, apart from being a constitutive physical barrier to aphids, the cell wall is 155 involved in induced plant responses and systemic changes. This is accompanied by transcriptional 156 evidence that aphids affect the expression of many cell wall-modifying genes (Divol et al., 2007; 157 Smith and Boyko, 2007; De Vos and Jander, 2009 ) and induce WAKs (Kusnierczyk et al., 2008; 158 Foyer et al., 2015; Kloth et al., 2016) . 159
In our study, we hypothesized that PAE9 activity would, on the one hand, facilitate cell wall 160 penetration by M. persicae aphids, as deacetylated pectin would be more vulnerable for breakdown by 161 aphid effectors. On the other hand, we expected PAE9 to enhance DAMP-induced defenses against 162 aphids. Our results illustrate that PAE9 increases biotic stress-related transcription and secondary 163 metabolism, as shown by higher levels of e.g. JA, camalexin, and antioxidants in uninfested plants, but 164 that PAE9 is not required for aphid-induced upregulation of these defense compounds. 165 8 RESULTS 168
PAE9 reduces aphid feeding but not aphid fitness 169
To study the effects of PAE9 (AT5G23870) on M. persicae, homozygous Arabidopsis Transfer-DNA 170
(T-DNA) insertion mutants pae9-1 and pae9-2 were selected and validated for abolished gene 171 expression (Supplemental Fig. S1) . De Souza et al. (2014) had shown that these loss-of-function 172 mutants contained 15-20% more pectin acetylation compared to the wild type, Col-0. These genotypes 173 were subsequently screened for aphid feeding behavior by electrical penetration graph (EPG) 174
recording. This technique uses aphids as bio-electrodes in a low-voltage electrical circuit. From the 175 recorded electrical patterns, stylet activities, such as penetration of the epidermis and mesophyll, 176 salivation in the phloem, and phloem feeding were annotated (Tjallingii, 1988) . Aphid feeding 177 behavior was monitored with EPG recording on 5-week-old plants for eight hours. Overall probing 178 behavior summarized over the 8-hour recording duration did not reveal any effects. A more or less 179 comparable proportion of the aphids (25% on wild type, 14% on the pae9 mutants) encountered 180 penetration difficulties in the cell wall ( Supplemental Table S1 ). In addition, the residence of the 181 aphid stylets in the cell wall and its latency to the first arrival at a sieve tube was not significantly 182 different. The aphid stylets arrived at a comparable rate at the sieve elements and spent comparable 183 total amounts of time in the epidermis, mesophyll and sieve elements ( Supplemental Table S1 ). Time 184 trends revealed, however, a distinctive pattern inside the sieve tubes. After the first 4 hours of settling, 185 aphids established phloem feeding earlier in the mutants and showed more non-probing activities in 186 the wild type ( Fig. 3A) . Also, the proportion of time spent on the secretion of saliva in the phloem 187 phase was smaller on the pae9-1 mutant (P< 0.05, n= 14, Supplemental Table S1 and S2), implying 188 that there was less need for the secretion of effectors in the phloem sap. 189 9 As these observations pointed towards a sieve tube-located resistance effect of PAE9 on M. persicae 190 aphids, the impact on aphid fitness was measured. Three-week-old plants of a similar development 191 stage (10-12 leaves) were infested with one neonate aphid, each. Previously, we had seen that 192 uninfested rosettes were of similar biomass (Col-0 1.1±0.1, pae9-1 1.3±0.1, pae9-2 1.0±0.1 gram fresh 193 weight, P> 0.05, n= 10, 6-week-old plants). However, after the two-week infestation we observed a 194 decline in rosette biomass in the pae9 mutants ( Fig. 3B ) and a positive correlation between rosette 195 fresh weight and aphid numbers (P= 0.04, Pearson, one-sided r 2 = 0.09). Aphid fitness was therefore 196 corrected for plant biomass in a mixed model. This showed that nymphs developed into adults at a 197 comparable developmental rate on pae9 and wild-type plants and eventually produced comparable 198 amounts of offspring, although we observed a non-significant trend of lower aphid numbers on the 199 pae9-1 mutant (P= 0.07, n= 20), which was not confirmed on the pae9-2 mutant (P= 0.68, n= 20, Fig. 200 3C) . Based on these observations on aphid behavior in the first 8 h of host contact and aphid 201 reproduction over a two-week time frame, we hypothesized that PAE9 may increase constitutive but 202 not aphid-induced plant resistance. 203 10
Constitutively downregulated biotic stress-related genes in the pae9-2 mutant 205
To study the effect of PAE9 before and after aphid infestation, RNA-Seq was performed on wild-type 206 and pae9-2 plants. Plants were subjected to either of the following treatments: (1) no aphids (control), 207
(2) 4 hours post infestation (hpi) with 20 aphids per plant, and (3) 8 hpi with 20 aphids per plant. 208
RNA-Seq libraries were made of three biological replicates and sequenced with Illumina technology. 209
Between 10 and 16 million raw 126 bp paired-end reads were generated per sample, of which more 210 than 90% mapped to unique loci on the Arabidopsis reference transcriptome, monitoring the 211 expression of 25,538 genes ( Supplemental Table S3 ). In total, 56 genes were differentially expressed 212 between pae9-2 and Col-0 plants in the control treatment, 44 at 4 hpi, and 14 at 8 hpi (adjusted P<= 213 0.01, log fold change (LFC) >= 0.5, Supplemental Table S4 ). Around 25% of the differentially 214 expressed genes (DEGs) in the control and 4 hpi treatment overlapped, but most were unique to their 215 treatment. The majority of the DEGs (34 genes) was downregulated in the pae9-2 mutant and enriched 216 for responses to biotic stress (Fig 4A) . 217
As the pae9-2 transcriptome was the most distinct under the control treatment, we zoomed in on these 218
DEGs. Three gene clusters with a distinct perturbation signature across the treatments could be 219 distinguished ( Fig. 4B) . Clearly, the first two clusters contained most of the constitutively 220 downregulated biotic stress responsive genes, which increased to the wild-type level after 4 h (cluster 221 I) or 8 h (cluster II) of aphid infestation. The 'early' cluster I involved e.g. a wound-responsive 222 jasmonoyl-isoleucine (JA-Ile) hydroxylase (the CYTOCHROME P450 CYP94B3) and three abscisic 223 Supplemental Table S4 ), pae9 mutants showed a significant aphid-induced upregulation 247 of almost 40% of the initially downregulated genes. To see which regulatory genes could be 248 responsible for this increase, DEGs were scanned for genes annotated as receptors, membrane 249 channels, transcription factors or other signaling elements. In total, 19 regulatory genes were found, of 250 which 10 were differentially expressed between Col-0 and the pae9-2 mutant in the 'transition phase' 251 at 4 hpi ( Table 1) . Most were, however, expressed at lower levels than in the wild type and illustrated 252 an impaired aphid-induced response in the pae9-2 mutant. Only one kinase had a (8-fold) higher 253 expression in the pae9-2 mutant, TYPE II PHOSPHATIDYLINOSITOL 4-KINASE (PI4Kγ3), and is 254 involved in regulating oxidative stress (Akhter et al., 2016) ( Table 1) . 255
Interestingly, WRKY51 and WRKY62, both JA-pathway suppressors (Mao et al., 2007; Gao et al., 256 2011) , were downregulated in the pae9-2 mutant ( Table 1) . qPCR confirmed reduced trends of 257 WRKY51 in both pae9-1 and pae9-2 mutants during the control and 8 hpi treatment, but not for 258 WRKY62 (Supplemental Fig. S1 ). WRKY51 suppresses JA signaling in conditions of low availability 259 of the JA precursor oleic acid (18:1), and downregulation of WRKY51 has been shown to restore JA 260 responses (Gao et al., 2011) . RNA-Seq analyses also revealed downregulation of WAK3 at 4 hpi, but 261 the function and involvement in DAMP-related processes is still unknown for this WAK (Wagner and 262 Kohorn, 2001) . 263 264
Low constitutive phytohormone and camalexin levels in pae9 mutants 265
Absolute quantification of phytohormones in the rosettes revealed that constitutive levels of JA, JA-266
Ile, SA, ABA and indole-3-acetic acid (IAA) were compromised in pae9-1 and pae9-2 mutants (Fig. 267 5) . Despite these consistent reductions in various growth-and stress-related phytohormones, virtually 268 all differences between the wild-type and mutant plants disappeared within 8 h of aphid infestation. In 269 particular, JA and JA-Ile profiles showed a strong aphid-induced upregulation from an initial 2-to 3-270 fold reduction to a steep increase of JA in the first 4 h, followed by a sharp peak in the active 271 conjugate JA-Ile between 4 and 8 h ( Fig. 5) . Upstream of JA, the levels of cis-(+)-12-oxo-phytodienic 272 acid (cis-OPDA) did not show a consistent reduction. 273
Relative quantification of a broader set of 97 secondary metabolites revealed that the pae9-1 and pae9-274 2 mutants segregated from the wild-type metabolome, and that the segregation was mainly due to 28 275 compounds (VIP score > 1, PLS-DA with two components, goodness of fit: R 1 2= 0.74, R 2 2= 0.74, 276 predictive ability: Q 1 2 = 0.66, Q 2 2 = 0.67, P CV-ANOVA = 0.0099, Fig. 6A Table  277 S5). The pae9 secondary metabolome was characterized by constitutive low levels of oxylipins, SA 278 glucoside, camalexin, and antioxidant-related metabolites, such as protocatechuic acid glucoside, 279 syringic acid glucoside and sinapoyl malate ( Fig. 6A) (Sgherri et al., 2004; Nićiforović and 280 13 Abramovič, 2014). More abundant metabolites in pae9 mutants included several flavonoids and 281 aliphatic GLSs, such as glucoiberin and glucoraphanin ( Fig. 6A-B) . 282 283
Oxylipins remain compromised after aphid infestation 284
The effects of PAE9 on aphid-induced perturbations in the secondary metabolome were assessed as 285 well. Some initially compromised compounds, such as camalexin, were upregulated in pae9 mutants 286 after an aphid infestation period of 8 h (VIP score > 1, PLS-DA with two components, goodness of fit: 287 Supplemental Table S5 ). Higher levels of indole and aliphatic GLSs in pae9 mutants also 289 indicated a stronger aphid-induced response compared to wild-type plants. Oxylipins remained, 290 however, compromised in pae9 mutants at 8 hpi, including phytoprostane F1. Phytoprostanes are a 291 class of cyclic oxylipins similar to jasmonates, but are formed from non-enzymatic reactions catalyzed 292 by free radicals (Imbusch and Mueller, 2000; Mueller, 2004) . 293 14 Additional analysis of the tandem mass spectrometry (MSMS) data showed that other phytoprostanes 294 (e.g. A1, B1, D1, E1, H1, J1) accumulated more in wild-type plants than in pae9-1 or pae9-2 mutants 295 at 8 hpi (Supplemental Fig. S3 , Supplemental Table S6 , P= 0.012, P= 0.016, P= 0.019, P= 0.021, P= 296 0.04, P= 0.007, P= 0.012, respectively, n= 5-6). To assess if these aphid-induced changes persisted 297 over a longer time frame, plants were sampled and analyzed 48 hpi. No significant segregation of the 298 wild-type and mutant profiles was found at 48 hpi (87 secondary metabolites, PLS-DA model: P CV-299 ANOVA > 0.05, n= 6, Supplemental Table S7 ). Although cis-OPDA and JA were unaffected, other 300 oxylipins remained compromised in pae9 mutants at 48 hpi. In addition, camalexin and its 301 hydroxylated conjugates showed a stronger induction than in Col-0 ( Fig. 6C) . 302
303
The correlation network reveals an oxidative stress cluster 304
With an integrative correlation network of the pae9 transcriptome (56 DEGs) and secondary 305 metabolome (the 28 segregating secondary metabolites of the control treatment), we explored the 306 underlying processes that occur in PAE9 loss-of-function plants. This network revealed five clusters of 
More camalexin and indole GLS content in aphids from pae9 mutants 320
To analyze the metabolic effects of PAE9 on M. persicae aphids, we collected phloem sap exudates 321 for relative quantification of secondary metabolites. In total, 83 metabolites were retrieved in the 322 phloem sap exudates, of which 75 had been found as well in the rosettes, but no consistent differences 323 were observed between pae9 mutants and the wild type (PLS-DA model: P CV-ANOVA > 0.05, Col-0 n= 7, 324 pae9-1 n= 6, pae9-2 n= 5, Supplemental Table S8 ). 325
As the collection of phloem exudates with EDTA is vulnerable to volumetric differences and wound-326
induced artefacts, we also targeted the set of 97 secondary metabolites directly in aphids themselves, 327 and compared aphids that had been reared for 10 days on pae9-1 or pae9-2 mutants with aphids from 328 wild-type plants. In total, 54 secondary plant metabolites were retrieved that caused a significant 329 segregation between mutant-and wild-type-reared aphids, mainly due to 15 compounds (VIP score > 330 1, PLS-DA with two components, goodness of fit: R 1 2= 0.77, R 2 2= 0.95, predictive ability: Q 1 2 = 0.70, 331 Q 2 2 = 0.87, P CV-ANOVA < 0.001, Fig. 6D , Table 2 , Supplemental Table S9 ). Aphids from the pae9 332 mutants contained lower levels of e.g. phytoprostane F1 and sulforaphane, the toxic breakdown 333 product of the aliphatic GLS glucoraphanin (Zhang et al., 1992) . They accumulated, however, more 334 camalexin, SA-glucoside, and the indole GLSs I3M and 4MO-I3M on pae9 mutants (Fig. 6D) , 335
suggesting that the biosynthesis of these compounds or their abundance in the phloem was more 336 strongly induced in pae9 mutants than in wild-type plants. 
DISCUSSION 340

Pectin deacetylation effects on plant resistance 341
Since the proposition of the 'danger model ' by Matzinger (1994) the awareness has grown that both 342 self and non-self elements play a role in the induction of immune responses across biological realms. 343
This study addresses how small changes in the cell wall can alter the secondary metabolome and 344 defense status of a whole plant. Specifically, we characterized the downstream effects of pectin 345 deacetylation in Arabidopsis and its impact on resistance to M. persicae aphids. We used pae9 mutants 346 as a model, as they have 15 to 20% more pectin acetyl moieties compared to wild-type Arabidopsis 
Cell wall penetration -no PAE9-mediated effects 354
Back to our specific hypotheses, we can conclude that PAE9 did not affect the ability of M. persicae 355 aphids to penetrate the cell wall matrix. No effects were observed on penetration difficulties in the 356 apoplast or on the required time to the first arrival at the phloem. This is different from the effects of 357 PMEs, which decreased the time at which M. persicae arrived at the phloem (Silva-Sanzana et al., 358 2019) . We did observe that aphids spent less time on cell wall penetration on the pae9-1 mutant, but 359 this effect was not confirmed in the pae9-2 mutant, and did not lead to discrepancies in feeding 360 performance between pae9-1 and pae9-2 mutants. The importance of aphid effectors for the enzymatic 361 breakdown of pectin remains yet to be investigated, and requires the testing of aphid effectors and 362 their enzymatic activity. A relevant consideration is that aphids rely as well on mechanical force to 363 penetrate the cell wall matrix, and might not necessarily need enzymatic support. Force is the product 364 of mass and acceleration. Unlike microorganisms, aphids can use both their body weight (about 500 365 µg for 1 adult M. persicae aphid (Cao et al., 2016) ) and musculature at the stylet base to push their 366 mandibles into the host. The aphid stylet base has a diameter of 1.5 to 3 µm at the upper segments, 367
which tapers to about 0.04 µm at the stylet tip. Pressure applied to the relatively large base will 368 transform to a greater force per unit area at the stylet tip (Dixon, 1973) . additional requirement of enzymatic breakdown of cell wall components will, nevertheless, depend on 376 aphid and plant species. Particularly for perennial host plants with a high lignin content or thick 377 carbohydrate matrix, aphids might require more enzymatic support. This will likely be reflected in the 378 diversity of secretory carbohydrate-active enzymes across genera of Hemipterans. 379 380 Delay in phloem feeding is associated with camalexin 381
On pae9 mutants, aphids established phloem feeding earlier than on wild-type plants (Fig. 3A) . EPG 382 recordings illustrated that aphids were less prone to interrupt feeding and engaged less in 'non-383 probing' activities in the first 8 hours. 'Non-probing', i.e. not making contact with the host via their 384 stylets, is considered to happen less frequently and shorter when aphids accept their host plant and 385 engage in sustained phloem feeding (Tjallingii, 1994) . One of the key questions is, what factor(s) 386 caused the PAE9-mediated reduction in phloem feeding (Fig. 3A) . As this phenotype manifested in 387 the first hours of plant-aphid contact, a constitutive mechanism is to be expected. The involvement of 388 indole glucosinolates, which are known to have antifeedant effects on M. persicae (Kim et al., 2008) , 389
was postulated due to the downregulation of IGMT2, but could not be confirmed by the accumulation 390 of 4OH-I3M and 4MO-I3M in uninfested plants. Instead, both transcriptomic and metabolomic data 391 showed that camalexin was compromised, as pae9 mutants had a downregulated transcription of the 392 camalexin biosynthesis gene PAD3 (Fig. 4B, Supplemental Fig. S1 ) and contained lower levels of 393 camalexin and its hydroxylated conjugates than Col-0 when uninfested ( Fig. 6A, Table 2 ). Our 394 observation of earlier establishment of phloem feeding on the camalexin-compromised pae9 mutants 395 is consistent with the previously reported increase in M. persicae phloem feeding on pad4 mutants 396 with impaired camalexin production (Pegadaraju et al., 2007) . That we did not observe higher M. 397 persicae reproductive rates on plants with less camalexin, as shown by Kettles et al. (2013) , can be 398 explained by the induction of camalexin upon aphid infestation. Our metabolomic data showed that 399 pae9 mutants had a stronger induction of camalexin than wild-type plants (Fig. 6C) , and that aphids 400 that had been living on pae9 mutants accumulated more camalexin (Fig. 6D) . From this, even a lower 401 aphid fitness on pae9 mutants would have been expected. Other factors, such as the increased 402 accumulation of phytoprostane F1 and sulphoraphan in aphids from wild-type plants (Table 2, Fig.  403   6D) , might have had a detrimental impact on their fitness as well. 404 405
Rapid upregulation of defenses in low JA condition 406
Even though PAE9 loss of function resulted in low constitutive levels of e.g. JA and the indole 407 phytoalexin pathway, PAE9 was not required for aphid-induced plant responses. Impressively, plants 408 without PAE9 increased their initially compromised transcriptome and JA, GLS and camalexin 409 profiles almost to wild-type levels within 8 h of aphid infestation. This rapid increase in defense-410 related transcripts and secondary metabolites can explain the reduction in pae9 plant biomass after 411 infestation (which was not observed in plants without aphids) ( Fig. 3B) , as strong defense responses 412 are expected to come at a cost (Neilson et al., 2013) . Nevertheless, it is surprising that GLSs 413 accumulated so strongly in pae9 mutants with reduced JA availability. If JA levels are too low for 414 proper induction of GLS biosynthesis, plants can adjust the regulatory switches downstream in the JA 415 pathway to compensate. A good example is the suppressor of SA insensitivity2 (ssi2) mutant with 416 compromised oleic acid (18:1), which restores its JA responsiveness when WRKY50 or WRKY51 are 417 knocked out (Gao et al., 2011) . These WRKYs are suppressors of JA-mediated signaling and act in 418 conditions with low availability of JA precursors. Interestingly, we observed downregulation of 419 WRKY51 in the pae9-2 mutant and similar trends in the pae9-1 mutant (Table 1, Supplemental Fig.  420   S1) . By releasing this suppressor, JA-responsive processes, such as GLS biosynthesis, can increase 421 irrespective of the compromised availability of oxylipins in these mutants. 422
423
PAE9's mode of action: DAMPs and ROS 424
Even though this study focused on the effects of PAE9 on the defense status of the plant, our data 425 contain some relevant information about PAE9's mode of action. Interestingly, the whole genome 426 transcriptome did not include differential expression of the DAMP-related genes WAK1 and WAK2 427 (Decreux and Messiaen, 2005; Kohorn et al., 2009) . Validation with qPCR revealed, nevertheless, a 428 slight reduction in WAK2 in uninfested pae9 mutants (Supplemental Fig. S1 ). WAK2 is an OG-429 receptor which is involved in the accumulation of ROS (Kohorn et al., 2012) . OG-mediated signaling 430 via WAK2 or changes in redox status due to PAE9-mediated pectin cross-linking ( Fig. 1) Landry et al., 1995; Mueller, 2004; Sgherri et al., 2004; Williams et al., 2012) . In addition, the main 438 groups of compromised metabolites in uninfested plants, i.e. oxylipins and camalexin, can also be 439 formed by non-enzymatic oxidation reactions (Imbusch and Mueller, 2000; Böttcher et al., 2009) . 440
Quantification of ROS with DCFDA, however, did not confirm an effect of PAE9 on the total ROS 441 pool in whole leaves (Supplemental Fig. S4 ). Apoplastic differences in specific ROS types, such as 442 hydrogen peroxide or hydroxyl radicals, in the apoplast might, nevertheless, be interesting for further 443 investigation. In contrast to peroxidase-dependent 'ROS bursts' upon pathogen infection 444 (Bindschedler et al., 2006) , constitutive ROS homeostasis in the apoplast is a delicate balance in 445 oxidation-reduction processes that controls cross-linking of cell wall polymers and cell expansion 446 (Pelloux et al., 2007; Kärkönen and Kuchitsu, 2015; Schmidt et al., 2016) . Depending on the ROS 447 type, cell wall polymers become cross-linked (via hydrogen peroxide) or loosened (via hydroxyl 448 radicals). ROS accumulate easily in the low antioxidant environment of the apoplast and can rapidly 449
induce Ca 2+ fluxes into the cell that trigger (a)biotic stress responses (Podgórska et al., 2017; 450 Waszczak et al., 2018) . On top of that, pectin modifications influence the OG abundance and their 451 binding capacity to WAKs (Decreux and Messiaen, 2005; Pogorelko et al., 2013; Bethke et al., 2014) , 452 which regulate intracellular ROS accumulation. We expect, therefore, that defects in pectin 453 deacetylation, as in the condition of pae9 mutants, will affect the ROS status of the plant. 454 455
Aphid induction of phytoprostanes 456
Here, we describe that M. persicae aphids induce a wide range of phytoprostanes in Arabidopsis. An 457 upregulation of up to 3-fold was observed within 8 h of infestation, depending on the type of 458 phytoprostane (Supplemental Fig. S3 ). All nine phytoprostanes (A1, B1, D1, E1, F1, G1, H1, J1, and 459 an unknown conjugate) were identified in both rosette material and phloem sap exudates, implying 460 that these compounds are likely to be ingested by phloem-feeding insects. We could, however, only 461 retrieve phytoprostane F1 in aphids (Table 2, Fig. 6D ). As some phytoprostanes upregulate mitogen-462 activated protein kinases (MAPKs) and camalexin biosynthesis (Thoma et al., 2003) , further 463 investigation of their role in aphid resistance would be of interest. Relative quantification showed that 464 the aphid-induced upregulation of phytoprostanes was absent in pae9 mutants. Phytoprostanes are 465 formed via free-radical-catalyzed lipid peroxidation (Imbusch and Mueller, 2000) . Whether the 466 compromised phytoprostane levels in pae9 mutants can be attributed to an altered redox state or 467 simply to a reduced pool of oxylipins remains to be investigated. The decline in both jasmonate, 468 phytoprostane and related oxylipin levels nevertheless illustrates that PAE9-mediated pectin 469 deacetylation affects the oxylipin pathway. 470 471
An applied perspective for pectin deesterification 472
In this study, we showed that PAE9-mediated pectin deacetylation increased constitutive levels of e.g. 473 JA and SA and biotic stress-related transcripts. But how relevant is this for pest and disease 474 management? From our lab study it is clear that the effects of 15-20% more pectin deacetylation in 475
Arabidopsis are still marginal for M. persicae aphids. Taken into consideration that these experiments 476 involved no-choice assays, where the aphids were either glued to a 1 to 2 cm wire or isolated on a 477 single plant, field situations might reveal larger impacts. Constitutive resistance usually has negative 478 impacts on host plant acceptance in more natural situations (Schoonhoven et al., 2005) . In greenhouses 479 and fields, aphids may give up their attempts to feed and chose to leave crop fields. Whether or not 480 other PAEs have similar effects on the defense status of plants remains to be investigated. 481
Furthermore, the resistance effect could be enhanced by combining several cell wall traits. Silva-482 Sanzana et al. (2019) showed that PME activity resulted in increased phloem feeding by M. persicae 483 aphids. It is interesting that both PME and PAE activity affect the phloem feeding stage, which 484 suggest that both pectin modifications induce changes in the constitution of the phloem sap. 485
Potentially, reduced PME and increased PAE activity combined would further enhance plant 486 resistance to M. persicae aphids. Together with insights in downstream plant physiological responses 487 on, for example, fruit set and resistance to other biotic stresses, pectin deesterification could be 488 exploited as an integrative tool in sustainable pest and disease management. 489
490
MATERIALS AND METHODS 491
Plants and insects 492
The Arabidopsis thaliana (L.) Heynh. Col-0 accession (CS60000) and the T-DNA lines 493 SALK_046973 (pae9-1) and GABI_803G08 (pae9-2), both in the Col-0 background, were obtained 494 from the European Arabidopsis Stock Centre (NASC). Homozygous T-DNA plants were selected by 495 Supplemental Table S10 ) and harvested for seeds for subsequent experiments. 496
PCR (primers listed in
Absence of expression of PAE9 was validated by qPCR. Arabidopsis seeds were cold stratified for 72 497 h at 4˚C before they were sown into pots (6 cm diameter) with a 4:1 mixture of potting soil (Yrkes 498 plantjord, den Gröna linjen) and vermiculite (Agra-vermiculite) (4:1). Plants were grown in a climate 499 cabinet at 23 ± 0.5°C, with a light intensity of 180 μmol m −2 s −1 (Philips Silhouette High Output 500 For all experiments that involved aphids, only wingless aphids were used and a water bath with 505 detergent surrounded infested plants to prevent escape to other hosts. were used according to the methodology of Ten Broeke et al. (2013) . Aphids were radish-reared and, 510 to adapt to Arabidopsis, aphids were transferred to Col-0 Arabidopsis plants one day before the 511 experiments to habituate aphids to Arabidopsis as a host. Each biological replicate consisted of one 512 unique plant and aphid. Aphids were used as an electrode by gently attaching an 18 µm diameter gold 513 wire of 1.5 cm to the dorsum with silver glue. Electrical signals associated with stylet activities were 514 recorded and annotated with EPG Stylet+ software (Tjallingii, 1988) Mann Whitney U tests ( Supplemental Table S1 ). Table S2 ). Cryofixation of aphids was performed 520 according to the methodology of Walker and Medina-Ortega (Walker and Medina-Ortega, 2012) . In 521 brief, aphids were attached to the EPG on the abaxial side of a leaf of an intact Col-0 plant and 522 cryofixed during phloem feeding by pouring liquid nitrogen-chilled ethanol on the adaxial side of the 523 leaf. Leaves with stylet still inserted were stored in ethanol at -80°C until further processing. After 524 being gradually brought to room temperature, samples were casted in 5% agar (w/v) and sectioned 525 with a Leica VT1000S vibratome. Sections (120 µm thick) were stained with 0.05% toluidine blue 526 (w/v in H 2 0) for 20 to 30 s. Images were taken with a Zeiss AxioCam HRc digital camera mounted on 527 a Zeiss Axioplan 2 light microscope. For the aphid population assay, 3-week-old Arabidopsis plants 528
were infested with one founder aphid. To minimize bias in the reproductive output, we used neonate 529 aphids (between 1 to 24-h old). Infested plants were placed in a climate cabinet at 23 ± 0.5°C, 50-70% 530 relative humidity, an 8 h:16 h L:D photoperiod, and 180 μmol m −2 s −1 light intensity (Philips 531
Silhouette High Output F54T5/841 HO). From day 6 onwards, occurrence of the first offspring was 532 checked twice per day using 3x magnification glasses. The total number of aphids per plant was 533 counted 14 days after infestation. Aphid numbers were analyzed with a mixed model with the plant 534 line as a fixed factor and plant fresh weight as random effect. Plant fresh weight was analyzed with a 535
One-way ANOVA. 536 537
Collection of rosette material for RNA Sequencing and metabolomics 538
Two to three Arabidopsis plants were grown per 6 x 6 cm pot. At the age of three weeks, the pots were 539 randomly assigned to one of the following treatments: no aphids (control treatment), 4 h aphid 540 infestation, or 8 h aphid infestation. For the aphid treatments, each plant was infested with 20 wingless 541 aphids, both nymphs and adults. Sampling was done in two separate batches in a complete block 542 design. The 48 hpi treatment was sampled in a separate batch from the other treatments. Other samples 543
were harvested in two batches with treatments equally represented per batch. To minimize batch 544 handling differences and individual effects, harvest was limited in time (12-4 pm) and rosettes within a 545 pot were pooled into one sample. Leaves were gently wiped with a soft brush to remove aphids. Plants 546 without aphids were brushed similarly as a control treatment. Samples were flash-frozen in liquid 547 nitrogen, homogenized, and stored at -80°C until further processing. 548 549
Collection of phloem exudates and aphid samples for metabolomics 550
Phloem exudates were collected according to adapted methodologies of Stolpe et al. (2017) and 551 Tetyuk et al. (2013) . For each sample, 15 fully-grown leaves of three 6-week-old Arabidopsis plants 552 (without aphids) were cut at the base of the petiole with a razor blade and immediately immerged in a 553
Petri dish with 8 mM EDTA (pH 8). Once all 15 leaves were cut, they were stacked on top of each 554 other and freshly cut again at the base of the petiole. To wash the cutting surface on the petioles the 555 stacked leaves were gently transferred to an Eppendorf tube with 1 ml 8 mM EDTA (pH 8) for 5 min 556 with petioles submerged and leaf blades sticking out from the open tube. Subsequently, the stacked 557 leaves were transferred to a fresh Eppendorf tube with 1 ml 8 mM EDTA (pH 8) for exudation. To 558 prevent dehydration, the tubes with leaves were placed in a dark container with wet towels and vents 559 at 21°C. After 6 h, the exudates were flash-frozen in liquid nitrogen and lyophilized for 24 h. The 560 leaves were dried at 65°C for 72 h. Metabolomic measurements were corrected for leaf dry weight. 561
Aphids were collected for metabolomics analyses after 10 days of infestation on either 5-week-old 562
Col-0, pae9-1 or pae9-2 plants. One biological sample consisted of 10 to 20 mg of aphids (fresh 563 weight) collected from 1 to 2 unique plants. After collection, aphids were flash-frozen in liquid 564 nitrogen and lyophilized for 24 h. integrity was assessed with electrophoresis in a 1% w/v agarose gel stained with GelRed Nucleic Acid 577
Gel Stain. DNA-free RNA was converted into cDNA using the Bio-Rad iScript cDNA Synthesis Kit. 578
Quantitative PCR was performed on a Roche LightCycler 480 II using LightCycler 480 SYBR Green I 579
Master mix and the primers described in Supplemental Table S10 . For qPCR of other genes, RNA 580 24 was isolated with the Bioline ISOLATE II RNA Plant Kit, treated with Promega RQ1 RNase-Free 581
DNase, converted into cDNA with the SensiFAST cDNA Synthesis Kit, and processed on a Biorad 582 CFX96 Touch Real-Time PCR detection system with the SensiFAST SYBR No-ROX Kit. Two 583 technical replicates of each sample were taken into account and gene expression was normalized with 584 the weighted average of two reference genes. 585
586
RNA-Seq data processing and analysis 587
Data pre-processing was performed according to the Epigenesys guidelines 588 were visualized with the LSD R package (Schwalb et al., 2018) . DEGs were tested for 611 overrepresentation of biological processes against a reference set including all transcripts in the 612 complete data set with at least one count, using the application BiNGO in Cytoscape (Maere et al., 613 2005; Cline et al., 2007) . Redundant gene ontology (GO) terms were removed and GO networks were 614 inferred with REViGO (Supek et al., 2011) . The custom R scripts used for the analyses are available 615 from our GitHub repository: https://github.com/UPSCb/UPSCb/blob/master/manuscripts/Kloth2018. 616
The RNA-Seq data is available from the European Nucleotide Archive (ENA, https://ebi.ac.uk/ena) 617 under the accession number PRJEB27944. 618 619
Phytohormone quantification 620
Endogenous levels of jasmonates (jasmonic acid, JA; Jasmonoyl-L-isoleucine, JA-Ile; and cis-12-oxo-621 phytodienoic acid, cis-OPDA), IAA, ABA and SA were determined in 20 mg of rosette material 622 according to the method described by Flokova et al. (2014) . All experiments were repeated as six 623 biological replicates. The phytohormones were extracted using an aqueous solution of methanol (10% 624
MeOH/H2O, v/v). A cocktail of stable isotope-labelled standards was added as follows: 5 pmol of 625 USA) equipped with an Acquity UPLC BEH C18 column (100x2.1 mm, 1.7 μm; Waters), and the 631 effluent was introduced into the electrospray ion source of a triple quadrupole mass spectrometer Xevo 632 TQ-S MS (Waters). Data were corrected for sample weight and analyzed per phytohormone and 633 treatment (control, 4 hpi or 8 hpi) with a linear mixed model with plant line as the fixed effect and 634 batch (as described in the above paragraph) as random effect using the R packages lme4 and stargazer 635 (Bates et al., 2015; Hlavac, 2018) . 636 637
Metabolomics 638
Other metabolites were extracted from 20 mg leaves and 100 mg freeze dried aphids of each treatment 639 in 1 ml of extraction buffer (methanol, chloroform and water -20:60:20 , v/v) including internal 640 standards (Gullberg et al., 2004) . Then, 100 µl of each sample was dried, dissolved in 20 µl methanol 641 and then diluted with 20 µl water. For phloem exudates, 1 ml per sample was suspended in 300 ul 50% 642 methanol:water (v/v), then applied on a SPE-C18 column, where polar compounds (like sugar and 643 EDTA) were washed out with 1% acetic acid (v/v) and the resulting metabolites were recovered in 644 100% methanol. The resulting fraction was dried in a speedvac and then dissolved in 20 µl methanol 645 and then diluted with 20 µl water. Samples from leaves, phloem exudates and aphids were analyzed 646 according to Adolfsson et al. (2017) and the metabolites were detected with an Agilent 6540 Q-TOF 647 mass spectrometer equipped with an electrospray ion source operating in positive ion mode. The 648 MSMS spectra were obtained in the same conditions, with the collision energy from 10 to 40 V. The 649 generated mass files were processed using Profinder B.07.00 (Agilent Technologies) using mass 650 feature extraction and find-by-ion algorithms for peak detection. The generated data were normalized 651 against the internal standard and weight of each sample. The metabolite annotation was performed by 652 comparison of MSMS spectra generated during the analysis with the "in house" Arabidopsis database 653 or manual spectra interpretation of unknown metabolites. Partial Least Squares Discriminant Analysis 654 (PLS-DA) was performed with the software SIMCA 15. First, PLS-DA models were inferred from 655 complete data sets. If these models showed a significant segregation between the wild type and 656 mutants (P<0.05), a subsequent PLS-DA model was built containing only the metabolites with a VIP 657 score higher than 1. Integrative correlation networks were built with Cytoscape (version 3.4.0) using 658 the app ExpressionCorrelation (http://www.baderlab.org/Software/ExpressionCorrelation, absolute 659 edge cutoff >= 0.75, organic graphical yFile layout). with VIP score > 1 in control rosettes and in aphids are listed and annotated with plant line (ID is 722 identity in loading plot (Fig. 6) , pae9= pae9-1 and pae9-2, Y= detected in phloem sap exudates). 723
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Rosettes control
Rosettes 8 hpi Aphids
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FIGURE LEGENDS 724
Figure 1. Hypothetical effects of pectin methylesterases (PMEs) and pectin acetylesterases (PAEs) on 725 plant resistance: (1) Increased accessibility for pectin degrading enzymes, (2) production of more, 726 smaller and cross-linked OGs (DAMPs) that bind to wall-associated kinases (WAKs) and induce 727 defense responses, (3) the release of free methanol or acetate that can be re-incorporated in primary 728 and secondary metabolism, (4) more negatively charged carboxyl groups that decrease the pH of the 729 apoplast, and (5) more ROS-mediated pectin cross-linking with potential effects on ROS and calcium 730 influxes into the cell. Cell wall penetration can take between 10 min and several hours and is accompanied by the secretion 736 of gelling saliva. After arrival at a sieve tube, aphids start phloem feeding and usually keep their 737 stylets anchored for hours or even days. This aphid reached the phloem in 15 min, after penetrating 738 along a track of at least 26 μm of cell wall (not accounting for movements in the direction of the z 739 plane) and showing 25 brief plasma membrane punctures along its path. The arrow indicates an 740 abandoned tract with remnants of gelling saliva (toluidine blue staining, images of different depth of 741 focus are separated with grey lines). 28 secondary metabolites with VIP score > 1, Table 2 , Supplemental Table S5 ). B. Metabolite 767 pathways and metabolite perturbations in control, 4 hpi, and 8 hpi treatments (heatmaps: blue = low, 768 red = high, encircled numbers refer to compounds in panel A and D, absolute quantified 769 phytohormone conjugates are underlined, pathways are simplified). C. Effects of 8 h and 48 h aphid 770 infestation on pae9-1 and pae9-2 metabolite abundance compared to Col-0 (colored according to 771 metabolite pathways, gray area is downregulated, points represent mean fold change, lighter shades 772 standard error). D. Accumulation of plant secondary metabolites in aphids that had been feeding from 773 either pae9 mutants or Col-0 plants for 10 days (PLS-DA based on relative quantification of 15 774 secondary metabolites with VIP score > 1, Table 2 , Supplemental Table S9 ). 775
